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By J. E. Forbes and E, S> 5 Taylor 

SUMMARY 



The heat tran'sf er "between the air s.tream. and a model 
of the inlet valve and seat of an air-cooled aircraft type 
cylinder (Wright" J-6) has "been experimentally determined 
as a function of air flow and valve lift. Inlet valve and 
seat temperatures and air consumptions have "been deter- 
mined experimentally in a single-cylinder engine under 
operating conditions. The inlet port of the flow model 
was cut from a cylinder of the same design as the one op- 
erated in this series of tests. Calculations of the heat 
transferred to the fresh charge from the inlet valve ;nd 
seat under actual operating conditions of the engine have 
been made by use of data obtained from experiments with 
the flow model. The effect of inlet valve and seat 'cool- 
ing on • volumetric efficiency has been determined experi- 
mentally. 

The over-all temperature rise of the charge ' up to 
the point of inlet-valve closing has-been computed from 
experiments on the engine under normal operating condi- 
tions. It was found that about 35 percent of this temper- 
ature rise was due to heat transferred from the inlet 
valve and seat. 

A general formula.- based on thermodynamic analysis is 
derived for the over-all temperature rise of the charge 
prior to the inlet valve closing. Application of this 
analysis to light-spring indicator diagrams taken on this 
engine shows that as much a.s 30. percent of the total tem- 
perature rise was the result of inlet-valve .flow, resist- 
ance. 



2 



NACA Technical Note. No. 839 



INTRODUCTION 



In a previous report (reference l) the relative im- 
portance of inertia and friction in controlling the quan- 
tity of air flowing into an engine cylinder was investi- 
gated with a view to explaining the volumetric defici- 
ency, that is, the difference between the volumetric ef- 
ficiency and unity. The results showed the pressure drop 
in the valve to he responsible for an extremely small 
part and the rise in temperature of the charge "before in- 
let closing to "be responsible for a relatively large part 
of the volumetric deficiency. 

It is the purpose of the present investigation to 
make a quantitative study of the effects of heat transfer 
and pressure drop in the inlet valve of an air-cooled en- 
gine and to correlate these effects with the observed vol 
umetric deficiency. 

APPARATUS AND PROCEDURE 
Flow Model and Tests 



In order to obtain he a t - t r an s f e r data pertaining to 
the'flow of charge through the intake port of the actual 
engine, a section comprising the intake port, seat, and 
portion of the cylinder was cut from a Wright J-6 cylinde 
(See fig. 1.) A jacket of sheet brass around this cut- 
out section made it possible to control the temperature 
of the seat, port, and surrounding cylinder portions by 
the introduction of water heated by steam. 

A model hollow-stem valve similar in design to that 
employed in the engine was used in this model. (See fig. 
2.) This valve was made of high conductivity material 
(beryllium copper) to insure that its surface was at 
nearly uniform temperature. The temperature of the valve 
was controlled by regulating the temperature of water cir 
culating in the hollow stem. The valve lift was con- 
trolled by a micrometer screw. Temperatures of the seat 
and the valve were measured by iron-constantan thermo- 
c oupl e s . 

By means of a Nash pump, air was drawn successively 
through an air-measuring orifice and through the flow 
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model. In order to reduce errors in measurement the flow 
model was insulated from the inlet and the discharge 
pipes "by short sections of rubber hose. Thermometers at 
the inlet and the outlet ends of the model allowed measure- 
ment of the rise in the temperature of the air due to heat 
transferred from the model. A manometer indicated the 
pressure drop across the valve. 

Temperature-rise ratios for various flow quantities 
and valve lifts were obtained on the flow model in the 
following manner: For a given setting of valve lift and 
air-flow rate, the temperatures of the valve and seat were 
equalized by suitable regulation of the heating steam and 
water. When the val ve-and- s e a t temperature had attained 
equilibrium, the inlet and the outlet temperatures of the 
air were noted. This procedure was carried out at various 
valve lifts and air quantities. 

The temperature-rise ratio (p a is defined as the 
ratio of the difference between the outlet-air and the 
inlet-air temperatures to the difference between the 
valve-and-seat temperature and the inlet-air temperature. 
Values of (t> a were plotted against air flow at various 
valve lifts. (See fig. 3.) It is notable that these 
curves of temperature-rise ratio again.st air quantity for 
valve lifts greater than about 0.1250 inch are practical- 
ly coincident.- The spread of points in. figure 3 at the 
higher air quantities is quite marked. Fortunately, it 
was unnecessary to use this region of the curves in the 
calculations for the actual engine. 

A series of runs on the flow model was made in which 
the drop in pressure across the valve at various const.ant 
valve lifts was determined as a function of flow quantity. 
The valve, the valve seat, the port, and the flowing air 
were at room temperature throughout these runs. A check 
on the validity of the assumption that the relation be- 
tween air flow and pressure drop was independent of port 
and valve temperature was carried out for the highest 
flow-model temperatures, and the assumption was found to 
be justified. Curves of the square of the air flow 
against pressure drop at various constant valve lifts are 
given in figure 4. . 



Modified Engine and Tests 



The engine used in this investigation was a modified 
Wright J-6 air-cooled cylinder of 5,00 inches bore and 
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5.50 inches stroke mounted on a universal test crankcase, 
The compression ratio was 5.1. A 6-volt ignition system 
with one spark plug was used. 

Valve modifications and cooling .- The modifications 
(figs. 2 and 5) consisted of "boring out the intake-valve 
guide "boss to take a standard exhaust -valve guide and the 
installation of a valve-seat insert with an annular pas- 
sage for the circulation of cooling water. Drilled pas- 
sages led from the outside of the cylinder to the cooling 
passage around the seat. 

A modified hollow-stem exhaust valve was used as the 
intake valve. The modification (fig. 2) consisted of ar- 
ranging the valve stem with an inner tube and connections 
so that water could be circulated continuously through 
the interior of the stem and the head. During engine op- 
eration water was introduced and removed from the valve 
by rubber tubes (see figs. 2 and 5) attached to the fix- 
ture interposed between the end of the valve stem and the 
valve-operating plunger. A tightly fitting rubber tube 
extending between the fixture and the valve stem prevented 
cooling-water leakage at this junction. By means of these 
arrangements either valve or seat or both could be cooled 
in varying degrees. 

Inlet syst em . - Air was supplied to the engine by a 
Nash pump, passing in turn through a standard air meter, 
a surge tank, a throttle valve, a fuel-mixing orifice, 
and a vaporizing tank. 



Air was measured by a 1-inch-diameter sharp-edge 
orifice, designed in accordance with the A.S.M.E. speci- 
fications (reference 2). The downstream side of the ori- 
fice was connected to the top of a 50-gallon surge tank 
by a short section of 3-inch pipe. Air from the surge 
tank passed through a gate valve and a fuel-mixing ori- 
fice to a jacketed tank of 14 gallons capacity. This 
tank served as a combined vaporizing and auxiliary surge 
tank. The incoming air from the gate valve was mixed at 
the fuel-mixing orifice with the spray from a Bosch fuel- 
injection pump. The vaporizing tank was connected to the 
inlet port of the engine by means of a 3-foot length of 
2-inch pipe. A thermometer was located in this pipe about 
1.5 feet from the inlet port. The inlet temperature at 
this point was maintained constant by adjusting the supply 
of steam and water to the jacket on the vaporizing tank. 
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Pressure in the 'Vapor isstng tank was maintained con- 
stant -"by adjustment of bleed valves on the upstream side 
of the measuring orifice. '•' 

Exhaust system .- A surge-tank of about 10 gallons 
capacity was connected "by a 1.5-foot length of 2-inch pipe 
to the exhaust port of the engine and thence connected to 
the exhaust mains by means of a gate .valve. This valve 
enables the pressure in the tank to he maintained at any 
constant level, A Cambridge exhaust -gas analyzer and a 
water manometer were attached to this tank. 

Engi ne instrumen ts .- Engine speed was controlled by a 
combination of a conventional tachometer and a stroboscopic 
light running directly from the 60-cycle alternating- 
current supply that illuminated painted strips on the fly- 
wheel. This method of control is described in reference 
3. A Sprague electric cradle dynamometer was used. Pres- 
sure against crank-angle diagrams were obtained from the 
standard M.I.T, balanced-pressure indicator using M.I.T. 
"flapper, valve" and diaphragm pressure units (references 
1 and" 4). 



Temperature Measurements 

Four holes were drilled through the valve head on a 
circumference about midway between those of the seat and 
the stem, and into these holes were brazed two rods of 
constantan and two of iron about 0.065 inch in diameter 
and 0.75 inch long. A detail of one of these connections 
is shown in figure 2. The intervening steel of the valve 
combined with any two dissimilar rods formed a conventional 
iron-constant an thermocouple. In order to make contact 
with these rods, flexible insulated leads that would stand 
up under the valve motion were required. After several 
attempts had been made to use sliding contacts, positive- 
contact flexible leads were developed. These leads were 
made by closely winding No. 28 cotton-covered iron or con- 
stantan wire on a 0.055-inch diameter mandrel and then 
sliding tightly fitting insulating spaghetti tubing over 
this coil. After the spaghetti tubing had been fitted, 
the mandrel was pulled out. Since this sheathed coiled 
conductor had a tendency, if bent, to hinge at some parti- 
cular point, a snuglv fitting coiled spring of 0.014-inch- 
diameter piano wire was made to slip over "the outside of 
the spaghetti tubing. This spring had the property of 
distributing the bending, and the close coiling of the 
thermocouple wire prevented localized high stresses there- 
in, while at the same time the whole assembly was reason- 
ably flexible. 
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Owing to the fact that the internal diameter of this 
flexible lead was less than that of a rod welded to the 
valve head, it was possible to force it over the entire 
length of the rod and then carry its free end to a similar 
rod and weld it thereon. This method of securing the 
leads prevented any weakening of the coil from brazing 
temperatures. The ends of these two leads were brought 
through conventional airtight packing glands in the intake 
port wall, leaving the piano-wire coils under compression 
along the length of the spaghetti tubing between the valve 
head and the packing glands. 

Iron-const ant an leads from a thermocouple embedded 
in the valve seat were also brought out through packing 
glands in the inlet port. A standard i r on-c ons t an t an 
spark-plug-gasket thermocouple was used to indicate cyl- 
inder temperature. Cylinder, valve, and valve-seat tem- 
peratures were measured on a di r ec t -r e ading potentiometer. 
All other temperatures were measured with mercury-in-glass 
thermometers. The cylinder temperature as indicated by 
the spark-plug-gasket thermocouple was controlled by reg- 
ulating the speed of a motor-driven centrifugal blower 
that forced air through a duct into the cylinder cowling. 



SYMBOLS 



4> temperature-rise ratio (ratio of difference 
between outlet working fluid and inlet 
working fluid temperature to difference 
between valve and seat temperature and 
inlet working fluid temperature) 

Q, quantity of heat, Btu 

Q,rp total heat, Btu 

^ec heat transferred to charge during interval e 
to c 

enthalpy of fresh charge in inlet manifold 



H Q enthalpy of fresh charge at point c at begin- 
ning of compression stroke after closing of 
inlet valve 



NACA Technical Note Mo, 839 7 

H « enthalpy of fresh charge at point c 
H cr enthalpy of residual gas at point c 

0 crank angle, degrees 

T absolute temperature (460+ °T) 

t temperature, °F 

tp cylinder-hood temperature, °F 

t v intake-valve temperature, °F 

t intake-valve seat temperature, °F 

t VG average temperature of intake valve and seat, °F 

M weight of working fluid delivered to cylinder, 
pounds per stroke 

M m weight of fresh mixture delivered to cylinder, 
pounds r;er stroke I M Q fl + — L where — is 

L a V -,V A 

fuel-air ratio of mixture! 

I 

J 

weight of air in fresh charge 

M r weight of air originally In residual gas "before 
"burning 

w weight rate of flow of working fluid, pounds 
per second 

q quantity of air discharged through valve, pounds 

(When w, q, ^nd (p are primed, they refer to 
weighted values) 

c specific heat at constant pressure 
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e volumetric efficiency 



n 



engine speed, revolutions per second 



v er specific volume of residual gas at point e on 
indicator card 



V cr specific volume of residual gas at point 
indicator card 



on 



V specific volume of fresh charge at point c on 
C indicator Card 

V c specific volume of charge at point c 

V. clearance volume 



v volume occupied "by residual gas at point e, 
er 

t hat is, Vi 



v c cylinder volume at "bottom center 

v volume occupied "by residual gas at "bottom center 
c r 

v^ piston displacement 

E c internal energy of charge at point c 

E cf internal energy of fresh charge at point c 



E r internal energy of residual gas at end of 
exhaust stroke 



E cr internal energy of residual gas at point c 

J mechanical equivalent of heat 
P e pressure in cylinder at end of exhaust stroke 

P er pressure of residual gas in cylinder at end of 
exhaust stroke 
P c pressure in cylinder as noted on indicator 
card at point P c 



NACA Technical I'lote No. 3 30 



9 



cr 


pressure of residual gaa at point 


c 


P 


pressure in cylinder 




f 


pi Ujjur u iyn 01 reciuu<?i gas 




k 


ratio of specific heats 




P 


density of working fluid, pounds 


per cubic foot 


p i 


density of fresh charge in inlet 


manifold 


Pc 


density of fresh charge at point 


c in cy 1 inder 



Sub script^ : 

a fresh air 
m fresh mixture 
f fresh charge 
r residual g-^s 

c fresh charge at point c in cylinder before 
mixing (see figs. 9(a), 9(b)) 

e point e on indicator cards (figs. 9(a), 9(h)) 

i inlet 

These quantities for which the thermodynamic proper- 
ties of the working fluid are computed are the same as 
used in Hottel charts (reference 5), that is, 1 pound of 
air . 

RESULTS AND DISCUSSION 
Heat Taken Up by the Charge from Seat and Valve 

If the temperature-rise ratio between the air stream 
and the inlet valve and seat of an engine cylinder be 
known as a function of valve lift and rate of flow of 
charge and, furthermore, if the valve and valve-seat 
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temperatures together with the inlet temperature "be known, 
it is possible to estimate the quantity of heat per stroke 
taken up "by the charge from the seat and the valve. 

The steps leading to the evaluation of this quantity 
are as foil ows . 



The intake-valve lift was determined as a function 
of crank angle by means of a dial indicator when the 
engine was cold. The valve lift against crank-angle 
curve corrected for the difference between the hot and 
cold clearances is shown in figure 6. 

Under running conditions a light-spring indicator 
diagram yields the relationship between cylinder pressure 
and crank angle. A second light-spring indicator diagram 
of the intake-port pressure yields a relationship between 
crank angle and intake pressure. From these two diagrams 
a curve of valve-pressure drop against crank angle can be 
constructed. (See fig. 6.) The relationship between 
valve pressure drop and rata of flow through the valve at 
various lifts is known from the flow-model experiments on 
an identical valve and port, (See fig. 4.) Thus, the ap- 
proximate instantaneous rates of flow through the valve 
under running conditions can be obtained by assuming that 
the rate of flow in operating is the same as the steady 
rate of flow for a constant pressure drop. Reference 1 
indicates that the magnitude of the error introduced by 
this assumption is not large. It is now possible to per- 
form a step-by-step integration of the quantity of heat 
taken up by the charge during all phases of the open-valve 
period, as detailed in the following paragraphs. 

About some particular valve lift, say 0.0525 inch, a 
small crank-angle interval extending on both sides of the 
lift is chosen. For this crank- angle interval an average 
value of the corresponding valve-pressure drop can be ob- 
tained from the valve-pressure against crank-angle curve* 
This average valve -pre s sure drop in turn yields an average 
flow quantity from the flow-quantity against valve-pressure- 
drop curve corresponding to the 0.0625-inch lift curve. 
The average flow quantity then yields an average tempera- 
ture-rise ratio from the corresponding 0.062 5 -inch lift 
curves of flow quantity against temperature-rise ratio. 
In appendix I it is shown that the temperature-rise ratio 
of the fresh charge is 99.7 percent that of air. Values 
of the temperature-rise ratio taken from figure 3 for use 
in engine calculations have been corrected by this amount, 
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The average temperature-rise ratio for this crank-angle 
interval and the temperatures of the valve,* the seat, 
and the charge at the inlet "being known, an average tem- 
perature rise of the charge can "be assigned to this inter- 
val. Since in the engine the valve and seat temperatures 
were not the same (see tables III' and IV), their arith- 
metic mean was used in computations. Results obtained "by 
the use of weighted average temperatures of the valve and 
seat gave no "better correlation than the results obtained 
from the arithmetic mean temperature. From the known en- 
gine speed, the time corresponding to the crank interval 
is calculable. The product of the time interval, the 
average quantity rate, and the average temperature rise, 
when multiplied by the specific heat of the charge mixture, 
yields the average heat taken up by this fraction of the 
charge . 

Carrying through the foregoing process for a number 
of steps including the entire period of valve opening and 
summing the result yields an approximation of the heat 
transfer to the charge per inlet stroke. T^ble I gives 
the results of such an integration. 

The work involved in integrating the heat Q, picked 
up from the valve and the seat is reduced to a comparative- 
ly brief calculation through the following simplification. 

For any particular run the intake-air meter provides 
a measure of the charge taken in per stroke. The complete 
open-valve time interval is provided by the valve-lift 
against crank-angle curve and, if this interval is divided 
into the total charge per stroke, there results an average 
rate of flow of charge into the cylinder. For this aver- 
age rate a corresponding temperature-rise ratio can be 
taken from the curve (fig. 3) representing the higher 
lifts. This temperature-rise ratio <p 1 when multiplied 
into the difference between the average seat and valve 
temperature and that of the inlet yields a value of the 
average temperature rise of the charge while flowing by 
the seat and the valve. As before, multiplying the charge 
per stroke into the product of this ^average temperature 
rise and the specific heat results in a measure of the heat 
Q, picked up by the charge in transit through the port into 
the cylinder. 

*The valve used in the engine had a very low thermal conduc- 
tivity, which made it impossible to reduce the temperature 
of the valve head at the point where the thermocouple was at- 
tached to the temperature of the ©eat even though water was 
circulated through the valve so rapidly that it came out cold, 
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The results of integrating eight different runs com- 
pared with those obtained on the same data by this short- 
cut method show a maximum divergence of only about 3,5 
percent, (See table II,) All the values of Q, submitted 
in this report (table III) are based on this short-cut 
method of calculation* 

Heat Taken Up before Valve Opens and 

after Charge Enters Cylinder 

The foregoing process does not account for the heat 
picked up by the charge before the valve opens or after 
the charge enters the cylinder. 

An estimate of the temperature of the charge in the 
cylinder before compression, and hence the total. heat 
transfer to the charge, can be obtained from the measured 
air consumption in the following manner. 

The volumetric efficiency of the engine is defined 

by 



n 

| *d ^ 

The weight rate of flow of charge w m is determined from 

the intake-air meter and the fuel-air ratio. It is meas- 
ured in pounds per second. For the air-fuel ratio used 
in this series of runs (a/F m 12.2) 



Pi T 1*« ~ 
i 



(2) 



The inlet pressure P^ was measured by a manometer at- 
tached to the surge tank. It is given in inches of mer- 
cury. The inlet temperature T^ was measured in the in- 
let pipe about 1.5 feet from the inlet port* It is given 
as absolute temperature. 
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The induction process may "be considered to be divided 
into two steps : 

(a) Fresh charge flowing into the cylinder without 
mixing or exchanging heat with the residual gas* 
Reference 1 indicates that the magnitude of the 
error introduced "by this assumption is small. 

(b) Mixing of residual and fresh charge. 

The subscript c refers to the state of the fresh 
charge after the completion of the induction and before 
the mixing process. At this time the residual gas is 
assumed to occupy the clearance volume. This assumption 
is justified since the pressure P c differs little from 

the pressure at top center on the exhaust stroke; conse- 
quently, there is little net expansion or compression of 
the residual gas. It follows that the volume occupied by 
fresh charge is v d , the displacement volume. The deter- 
mination of P is discussed in greater detail in a later 
c 

section. 

The weight of charge delivered to the engine per 
stroke can be calculated from W a , the measured rate of 

air flow to the engine in pounds per second, the air-fuel 
ratio A/F, and n, the revolutions per second of the 
engine.. According to step (a) this value will also be 
equal to (p Q v d ). u follows then ^ y definition that the 
volumetric efficiency is 

e = Pc^d = fc ( 3 ) 
Pi v d Pi 

P T • 

The ratio /p* is, by the gas laws, equal to — — 

01 M i c 

and therefore 

e = Sft lL (4) 



Figure 7 shows the variation of the volumetric effi- 
ciency with average valve and seat temperature at the two 
speeds . 
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By means of equations (l) and (4) it is possible to solve 

for T , the temperature of the total charge just prior 
c 

to compression, since all the other variables are known 
or can "be calculated. 

The total rise in temperature of the charge T Q - , 

multiplied into the product of weight of the charge and 
specific heat of the charge, measures the over-all heat 
Q,rp picked up by the charge in its passage from the inlet 

until it arrives in the cylinder and the inlet valve 
closes. The relative contribution of the valve and seat 
to the over-all heat picked up by the charge in its pas- 
sage from the intake manifold until it. is compressed can 
be estimated from the foregoing quantity. Experimental 
values of Q,rp together with the factors leading to its 

evaluation are shown in table IV. • 

Figure 8 shows the ratio of- heat transferred from 
the inlet valve and seat to the over-all heat picked up 
by the charge as a function of the average valve-and-s ea t 
temperature. 

An appreciable part- of the total heat picked up by 
the charge during the. suction stroke can be attributed to 
work done, in overcoming the pressure drop in the valve. 
This quantity may be estimated as follows. 

The following equation can be derived from the first 
law of thermodynamics, 

c 

(M f + M r )E c - K f E 1 ~ M r S r = - if Pdv + Q ec (5) 

' e 

This equation may be used directly to give the unknown 
quantity E Q and hence the temperature T . In this 

case, however, it is desirable to know what contributions 
to the temperature T c are made by heat transfer, by the 

work done by the piston during the suction process, and by 
the heat interchange between the fresh charge and the re- 
sidual gas. The last of these quantities may be estimated 
by imagining that the residual gas is left separated from 
the fresh charge by an insulating membrane until after the 
point c so that the pressure of the residual gas is al- 
ways the same as the pressure of the remainder of the 
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cylinder contents and the residual gas is under adiabatic 
conditions. The usual laws of perfect gases are assumed 
to hold because of the relatively low temperatures in- 
volved in the induction process. With these assumptions 
equation (5) may "be rewritten as follows. (See appendix 
II for derivation.) 



c 




The right-hand side of equation (5a) now consists of 
three terms, the first of which gives the change in tem- 
perature of the fresh charge due to heat transfer. If 
^c = ^e » ^he third term is zero and the second term rep- 
resents the change in temperature of the fresh charge due 
to work done on it by the piston and by the gas remaining 
in the inlet manifold. The bracketed part of the second 
term of equation (5a) is also equal to the shaded work 
area shown on the light-spring indicator cards in figures 
9(a) and 9(b). It is therefore possible to make a rapid 
estimate of the rise in temperature due to work done while 
drawing the charge through the resistance of the inlet 

valve, provided that P_ = P . Even if P. is not exact- 

c e c 

ly equal to P e , the third term in equation (5a) is small; 

in fact, it was found to be negligible for the cases herein 
inves t igat ed . 

The effect of mixing of residual gas and fresh charge 
is analyzed in reference 1. The analysis in this refer- 
ence showed that, for a compression ratio of 6.5, the mix- 
ing of the fresh charge with the residuals decreased the 
volumetric efficiency about 1.5 percent. It is therefore 
roughly equivalent to heating the fresh charge by this 
amount, or about 10° P. 

Determination of Point c 

The point c should be taken after closing of the 
inlet valve in order for equations (5) and (5a) to be 
valid. On the other hand, if the point c is taken some 



16 



NACA Technical Note No. 839 



distance up the compression curve, the second term of 
equation (5a) will include some work of compression as well 
as the work done while drawing in the charge. This dif- 
ficulty was solved "by measuring the pressure of the charge 
at several points along the compression line and assuming 
reexpansion of the charge to the cylinder volume at hot- 
torn center. The resulting pressures were averaged to give 
a hypothetical pressure P c that, with the cylinder vol- 
ume at bottom center and a known weight of charge, deter- 
mined the conditions at point c. 

Value of Temperature Rise Attributable to Flow Resistance. 

Measurement of the shaded area of the diagrams of 
figures 9(a) and 9(b) indicated that the temperature rise 
attributable to flow resistance in the inlet valve was 
26° F at 1500 rpm and 13° F at 1000 rpm. The rapid in- 
crease in temperature rise with engine speed is to be ex- 
pected; the result indicates that the rise in temperature 
attributable to flow resistance is a much more important 
factor at high piston speed than at low piston speeds and 
may be to a considerable extent responsible for the fall- 
ing off of indicated mean effective pressure at high pis- 
ton speeds. 



Heat Transfer to Charge before Inlet Valve Opening 

If the total heat gained by transfer and work of com- 
pression is subtracted from the total heat picked up by 
the charge, the result is a measure of the unaccounted- 
for heat picked up while the charge is behind the closed 
valve and after it has entered the cylinder. While the 
charge is at rest in the inlet pipe, a part of the charge 
is in a region where the wall temperature is high. If it 
is assumed that a section of the air in the inlet pipe (3 
in. out of a total of 37 in, occupied by the charge) at- 
tains the average temperature of the seat and the valve 
before the inlet valve opens while the remainder is at 
inlet temperature, heat so computed is about equal to the 
difference between the total heat and that accounted for 
elsewhere. This illustration gives an idea of the possi- 
ble contribution to the total heat transfer from this 
s ource . 

An upper limit for the sum of the temperature rise 
due to flow resistance and that due to transfer after the 
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charge has entered the cylinder can be obtained by extra- 
polating the value of volumetric efficiency in figure 7 
to an average valve-and-seat temperature equal to the in- 
let temperature and inserting this value in equation (4). 
These limits have been established as 51° F and 57° I at 
1500 rpm and 1000 rpm, respectively. 



Importance of Low Val ve-and-Seat Temperatures 

From experience with many engines, it is found that 
a'10° F change in inlet temperature results in a change 
in air. capacity that indicates that the charge temperature 
is changed only 5° F. (This fact is the reason for the 
success of the square-root rule in correcting indicated 
horsepower, as explained in reference .6.) The results of 
the present investigation show that a 5° F decrease of 
charge temperature can be obtained by lowering the average 
inlet valve-and-seat temperature 45° F. Rothrock and 
Biermann show (reference 7) that a decrease of 10° F in 
inlet temperature permits an increase of inlet pressure 
to obtain an increase in indicated mean effective pressure 
of about 3.2 percent, keeping the tendency to detonate 
constant. A decrease in average valve-and-seat tempera- 
ture of 45° F, which results in the same reduction in 
charge temperature as a 10° F reduction in inlet tempera- 
ture, should give the same permissible increase in mean 
effective pressure. Thus a 10° F reduction in inlet 
valve-and-seat temperature should permit an increase of 
approximately 0.7 percent in indicated horsepower without 
increasing the tendency to detonate. 

. CONCLUSIONS 



1.. In reference 1 it was noted that the pressure in 
the cylinder at the end of the suction stroke was practi- 
cally the same as the pressure in the manifold; hence the 
volumetric deficiency, that is, the difference between the 
volumetric efficiency and unity, could only be due to a 
rise in temperature of the charge. The indicator diagrams 
of the present report (figs. 9(a) and 9(b)) confirm the 
hypothesis of reference 1, that under the conditions of 
operation in this report and in reference 1 the volumetric 
deficiency can be completely explained by the rise in tem- 
perature of the charge due to heat transfer and due to 
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work done in forcing the charge through the. inlet system. 

2. Reducing the flow resistance of the inlet valve 
may "be expected to reduce the charge temperature by de- 
creasing the amount of work done in forcing the charge 
through the valve. Since heat transfer is closely re- 
lated to friction, it is probable that a reduction in re- 
sistance will also reduce the heat transfer at this- point 
Since turbulence in the cylinder will also be reduced, it 
is not clear whether the detonation tendency will be re- 
duced or increased. by decreasing inlet-valve resistance. 

3. Inlet-valve temperatures under engine operating 
conditions ranged from 642° F without inlet-valve and 
seat cooling to 422° F with full inlet-valve and seat 
cooling at 1500 rpm. At 1000 rpm the average temperature 
was from 620° F to 393° F. 

4. The total rise in temperature of the charge be- 
tween the inlet tank and the cylinder after the inlet 
valve was closed was 81° F for 15C0 rpm and 104° F for 
1000 rpm under normal full-throttle operating conditions 
(without inlet-valve and seat cooling-). 

5. With this particular cylinder the volumetric ef- 
ficiency expressed in percentage will be increased by 
0.10 percent for each 10° F drop in the average tempera- 
ture of the inlet valve and seat at 1500 rpm and 0 % 15 per 
cent at 1000 rpm, 

6. The temperature rise of the charge under normal 
operating conditions due to heat transfer from the inlet 
valve and seat to the flowing charge was 34° F at 1500 
rpm or 42 percent of the total rise. At 1000 rpm the 
rise was 36° F , which was 35 percent of the total rise. 

7.. The temperature rise under normal operating con- 
ditions resulting from pressure drop through the inlet 
valve was 26° F at 1500 rpm and 12° F at 1000 rpm. 

8. The unaccounted-for temperature rise under nor- 
mal operating c ondi t i ons including the temperature rise 
of the charge during the time it lies behind the closed 
intake valve and the rise after the charge is in the cyl- 
inder, was 20° F at 1500 rpm and 56° F at 1000 rpm. 
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9, Each 10° F reduction in the average temperature 
of the inlet valve and seat will allow opening the throttle 
to obtain approximately 0.7-percent increase in indicated 
power with constant tendency to detonate. 



Massachusetts Institute of Technology, 

Cambridge, Mass., September 10, 1941. 
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APPENDIX I 



COMPUTATION OF TEMPERATURE-RISE RATIO 



In the flow model the rate at which heat is trans- 
ferred to the working fluid is 

= A 2 t w c = <b A 5 t w c^ (l) 
at P " 

The conditions in the flow model are similar to those 
of the case considered in reference 6 (pp. 128-132) that 
is, the surfaces of the port and the inlet valve are at a 
substantially uniform temperature. The analysis of this 
reference therefore applies, and there may "be written 

*i« I 2 K s c ( pu ) n ('±'f 1 ( 2 ) 
dt P 

where the undefined symbols have the following significance 
u velocity of working fluid through inlet valve and port 
M» viscosity of working fluid 

1 characteristic dimension of inlet valve and port 

n an exponent depending on shape and orientation of 

inlet valve and port and subject to experimental 
evaluat i on 

K 2 a nondimens ional constant 

Combining equations (l) and (2) and solving for cp gives 



<S> — (3) 

w 



Now 



v = K 3 pu l a 



(4) 
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where K 3 is a constant depending on the geometry of the 
inlet system. 

Combining (3) and (4): 1 

* = K 4 (pu^^Qy 1 (5) 
For fresh mixture and for air, respectively, 

For the same mass rate of flow of fresh charge and air: 



Pm u m = Pa u a (8) 



Combining (5), (6), and (7): 



m 



m 



n- 1 



(9) 



For a mixture of air and octane the 
be approximately proportional to the sum 
fractions of the constituent viscosities 
nication from Prof. F. G. Keyes to Prof, 
that i s : 



viscosity wi 11 
of the molar 
(private commu- 
E. S. Taylor ) , 



W 
& m , 



hi 



a 



+ 



m. 



m H 



+ 



(10) 



the subscript f refers to the fuel and m is the mo- 
lecular weight of a constituent of the mixture. 
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Calculation of made on the basis of equation 

(10) using the estimated viscosity of octane 0.000100 

poise (communication from Prof. F. G. Keyes) and that of 

air 0.000218 poise gives at room temperature the value 
H m = 0.000215 poise. 

From the flow-model data the average value of n 
was found to "be 0.74. 

Inserting these values in equation (9) gives the 
relationship : 



<p m = 0. 997 <f> a 
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APPENDIX II 



DERIVATION OF EQUATION FOR T Q - Tj 
Equation (5) as given in the text is: 



(M f + M r )E c - M f H. 



ICS,, 
r r 



1 
J 



Pdv + Q, 



ec 



(5) 



Rearranging : 



M 

•— (E 



E r ) + E c 



H. 



c 



Pdv + 



^ec 



(6) 



M 

r 

M r + M f 



= f 



?k - f 
M f 1 - f 



(7) 



(8) 



E c = H c - -Sp 2 - (9) 



Combining equations (6), (8), and (9) 



c 

(E - E ) + H - H. = ^Li „ 4_ /' Pdv + Sp. (io) 

1 - f C t' c i J jM f J M f 

e 
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If the residual and fresh charges are kept separated hy 
a membrane: 



H (M. + M ) = M H + M^.H m 
c f r' r cr f cf 



(11) 



Hence : 



M. 



M . 



H. 



H__ + 



H. 



(12) 



and from (5): 



M f P c V c 
H, 



£J _ _ , ■>■ TT ^ 

c M r + M f cr Mf + Mr "cf 



(13) 



and from (7) 



E c = f(H cr } + {1 " f)H cf - - S - £ - 



H c . f(H cr ) ♦ (1 - f)H cf 



(14) 
(15) 



Combining (10), (14), and (15): 



+ fH cr+ (1-f )H cf - H t 



= - P_V 



J c c Jl 



Pdv + -^S. 



(16) 



Rearranging (16): 
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rrr (H cr - v - 



f \ P c V c 



+ H cf - H i 



J p c v c 



Pdv + 



ec 



(17) 




— P V 
J c v c 



c 

~ Jm7 f 



Pdv + 



ec 



(18) 



Combining like terms and allowing that P cr = P c : 



H cf - H i 



p c i 1 f 

J \_l-f c 1-f cr 



tS 1 (l9 > 



Now 



rcr fcf r f c 



(20) 



P = P ) 
c cr' 



(Sum of partial volumes equals total volume, if 



Combining (7), (8), aid (20) 

1 „ 



cf 1-fC l-fcr 



(21) 
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Substituting (21) in (19): 



H cf * H i 



1 
J 



c 

~ *z J 



Pdv 



-(E, r - + (22) 



i - f *-er ^r' M 



M 

Multiplying the bracket term in (22) by — : 

M f 



H 



cf 



H i 



r ' M 



(33) 



Now 



f cf c cr 



(24) 



and icr . £ |*A = f £e \ -nee P cr = P c ^ 

v er ^'or' ^ P e' and P Qr = P e 



Combining (23), (24), ad (25): 

1 



r 



r-£— ■ (E cr - E r ) + iW- (26) 

i - r 



From the assumption of adiabatic conditions for the 
res idual : 
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E_ - E_ = 



cr JM 



c r 
Pdv 



P V 
J(k ~ 1) L 



c r 



er 



- 1 



er 



(27) 



er 



er m 



(28) 



Combining (8 ), (26 ), (27), and (28), and noting that 



P cr ■ V 



H . - H. 
cf 1 



(P v 
c c 



p v ) - r 

c er / J 
e 



Pdv 



it r 

■ er 
J(l-f ) 



V 1 



er\ \ j. er 



k-1 



1 - 



k-1 

, k \ 



er 



J] 



°ec 



(29) 



M f = (1 + f)M 



(30) 



Combining (8), (28), and (30): 



er 



1 - f v er 
f(l + f) M 



(31) 



Combining (29), (30), and (31 ) : 
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H cf - H l " j(! + f ) M 



(P v - P v ) 
x c c c v er ' 



Pdv 



er 



J(l + f)M 



1 



k-1 



-(»)■♦ M 



1 - 



er 



(1 + f)M 



(32) 



Now 



H cf - H i = (T cf - T i) °p 

where T cf is the temperature of the fresh charge at 

point c "before mixing with the residual gas. Also, 
v er is the clearance volume v lt 



1 



ec 



Cp(l+f )M 



c J(l+f )M 

P 



< p c v c 



Pdv 



c p J(l- 



1 

k 



k-1 
k „ 
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TABLE II 

COMPARISON OF RESULTS OF INTEGRATED AND SHORT-METHOD 
CALCULATIONS FOR THE HEAT Q, TRANSFERRED FROM THE 
INTAKE VALVE AND SEAT 



Short method 
t = * a t w a c p 

( "R + 11 ^ 

V D b U ^ 


Int egr at i on 
} = 2 q' A 3 t c v 

\Jj\jVl ) 


Percentage error 


0. 0447 


0. 0442 


1 . 1 


. 0434 


. 0432 


. 6 


. 0372 


. 0359 


3.5 


. 0357 


. 0346 


2.9 


. 0219 


. 0213 


2.9 


. 0281 


. 0274 


2.8 


. 0452 


. 0442 


2.3 


. 0424 


. 0427 


. 6 



I 



Table I 

Integration of the Heat, C, Transferred from the Intake-Valve and Seat 

[Run 6, fig. 6] 



Lift, 
(in.j 


Ae 

(cleg) 


AT 

(seconds) 


Ap 

On. Eg) 


0-b/sec) 


q 

(lb ) 


(lb/sec) 


q f 

(lb ) 




2 V r ~ 

(°F) 


^ 

( F) 


(Btu) 


1/16 


16 


0.00267 


0.25 


0.0187 


0.0000499 


0.0138 


0.0000368 


0.366 


225 


82.4 


0.00076 


1/8 


10 


.00167 


.58 


.0510 


.0000852 


.0376 


.0000629 


.247 


225 


55.6 


.00088 


3/16 


8 


.00134 


.73 


.0824 


.000110 


.0608 


.0000815 


.173 


225 


38.9 


.00080 


1/4 


10 


.00167 


.75 


.109 


.000182 


.0804 


.000134 


.158 


225 


35.6 


.00120 


5/16 


10 


.00167 


-75 


.125 


.000209 


.0923 


.000154 


.151 


225 


34.0 


.0013^ 


3/8 


12 


.00201 


.65 


.127 


.000255 


.0937 


.000188 


.150 


225 


33.8 


.00160 


7/16 


18 


.00301 


.68 


.130 


.000391 


.0959 


.000289 


.149 


225 


33.5 


.00243 


1/2 


25 


.00417 


1.43 


.189 


.000788 


.139 


.000582 


.129 


225 


29.0 


.00423 


1/2 


25 


.00417 


2.05 


.222 


.000926 


.164 


.000683 


.119 


225 


26.8 


.00460 


7/16 


16 


.00267 


2.05 


.222 


.000593 


.164 


.00438 


.119 


225 


26.8 


.00294 


3/8 


U 


.00234 


1.70 


.205 


.000480 


.151 


.000354 


.125 


225 


28.1 


.00250 


5/16 


10 


.00167 


1.00 


.145 


.000242 


.107 


.000179 


.143 


225 


32.2 


.00149 


1/4 


10 


.00167 


• 45 


.0843 


.000141 


.0622 


.000104 


.172 


225 


38.7 


.00101 


3/16 


6 


.00100 


.78 


.0854 


.0000854 


.0630 


.0000630 


.171 


225 


38.5 


.00061 


1/8 


10 


.00167 


.60 


.0519 


.0000867 


.0383 


.0000640 


.245 


225 


55.1 


.00089 


1/16 


2 


.000334 


.15 


.0148 


.0000049 


.0109 


.0000036 


.387 


225 


87.1 


.00078 




202 


Tat = 

0.0337 






T q = 

0.0C463 












lAQ = 

0.0274 



Table III 



Experimental Values of Heat Q Transferred from the Valve 

and Seat Obtained in Wright J-6 Engine Cylinder Tests 
(Computed values based on short-cut method of calculations) 



Run 


Engine 
speed 
(r p a) 


(°F) 


w a 

(lb/sec) 


M m 

(lb/stroke) 




O-b/sec) 




(OF) 


tv 

(op) 


t s 
(op) 


fc vs 
(op) 


Ait 

(op) 


A 2 t 

(°F) 


Q 

(B t u ) 


30 


1000 


402 


0.0298 


0.00387 


0.115 


0.140 


117 


533 


430 


482 


365 


51.1 


0.0454 


31 


1000 


400 


.0310 


.00403 


.119 


.137 


119 


393 


221 


307 


188 


25.8 


.0239 


2< 


1000 


400 


.0307 


.00398 


.118 


.138 


118 


438 


233 


336 


218 


30.1 


.0276 




1000 


400 


.0309 


.00402 


.119 


.137 


117 


440 


303 


372 


255 


34.9 


.0323 




i Ann 
J.UUU 


4UU 


.0300 


.00390 


.116 


.139 


118 


516 


41 8 


467 


349 


48.5 


.0435 


JO 


l nnn 

1UUU 


y nn 
4UU 


.02V 5 


•003b± 


• 114 


.140 


119 


620 


430 


525 


406 


56.8 


.0498 


AO 
4U 


1000 




• u^uo 




no 
.119 


.137 


117 


432 


215 


324 


207 


28.4 


.0259 


4-»- 


1000 


lA'J 

4U<c 


• UjJUO 


nn'aQ'7 


no 
.119 


.137 


117 


500 


300 


400 


283 


38.8 


.0354 


43 


1000 


403 


.0300 


.00390 


.116 


.139 


118 


619 


436 


528 


410 


57.0 


.0512 


44 


1000 


4OO 


.0304 


.00395 


.117 


.139 


119 


512 


417 


465 


346 


48.2 


.0438 


45 


1500 


400 


.0468 


.00405 


.181 


.113 


119 


633 


434 


534 


415 


46.8 


.0437 


46 


1500 


401 


.0476 


.00412 


.184 


.112 


120 


538 


417 


478 


358 


40.2 


.0381 


47 


1500 


400 


.0483 


.00418 


.186 


.111 


119 


422 


227 


325 


206 


22.9 


.0220 


48 


1500 


400 


.0483 


.00418 


.186 


.111 


118 


475 


231 


353 


235 


26.1 


.0252 


49 


1500 


4OO 


.0477 


.00413 


.185 


.112 


118 


642 


428 


535 


417 


46.7 


.0443 


50 


1500 


400 


.0473 


.00410 


.179 


.115 


118 


641 


428 


535 


417 


47.8 


.0452 


51 


1500 


400 


.0482 


.00417 


.186. 


.111 


119 


528 


302 


415 


296 


32.9 


.0315 


52 


150C 


400 


.0482 


.00417 


.186 


.111 


118 


457 


296 


377 


259 


28.8 


.0276 


53 


1500 


400 


.U482 


.00417 


.186 


.111 


118 


494 


310 


402 


284 


31.5 


.0302 


54 


1500 


400 


.0475 


.00412 


.184 


.112 


118 


639 


433 


536 


418 


46.8 


.0443 



Experimental Values 



Table IV 

of Over-All Heat Oy Obtained in 



Wrig'ot J-6 Engine Cylinder Tests 



"Run 


Engine i 
speed 
(r p m) 


(lb/ft?) 


P c 
[in.Hg) 


P t 

(in.Hg) 


p C / p i 


e 


(lb/sec) 


C V 


5 i 


(0 F ) (OF) 


(OF) 


(OF) 


(°F) 


(lb/ stroke) 


Q 

(B t u ) 


30 


1000 


0.0740 


30.01 


30.35 


0.988 


0.838 


a 03 23 


679 


577 


102 


402 


430 


533 


482 


0.00387 


0.0454 


31 


1000 


.0738 


30.01 


30.37 


.988 


.873 


.0336 


656 


579 


77 


/rOO 


221 


393 


307 


.00403 


.0239 


32 

33 

34 

38 

40 

41 

43 

44 

45 

46 

47 

48 

49 

50 


1000 


.0738 


30.01 


30.35 


.988 


.364 


.0332 


662 


578 


84 


400 


233 


438 


336 


.00398 


.0276 


100C 


.0740 


30.01 


30.35 


.988 


.868 


.0335 


657 


577 


80 


400 


303 


440 


372 


.00402 


.0323 


1000 


.0739 


30.01 


30.37 


.988 


.845 


.0325 


677 


578 


99 


400 


418 


516 


467 


.00390 


.0435 


1000 


.0737 


30.01 


30.35 


.988 


.833 


.0319 


688 


579 


109 


400 


430 


620 


525 


.0C3E1 


.0498 


1000 


.0740 


30.01 


30.35 


.988 


.860 


.0331 


663 


577 


86 


401 


215 


432 


324' 


.00397 


.0259 


1000 


.0740 


30.01 


30.35 


.988 


.860 


.0331 


663 


577 


86 


402 


^00 


500 


400 


.00397 


.0354 


1000 


.0738 


30.01 


30.35 


.988 


.345 


.0325 


677 


578 


99 


403 


436 


619 


528 


.OC390 


.0512 


1000 


.0737 


30.01 


30.35 


,93e 


.360 


.0329 


666 


579 


87 


400 


417 


512 


465 


.00395 


.0438 


1500 


.0724 


30.89 


29.89 


1.03 


.897 # 


.0507 


668 


579 


89 


400 


434 


633 


534 


.00405 


.0437 


1500 


.0723 


30.89 


29.89 


1.03 


.903 


.0515 


663 


580 


83 


401 


417 


538 


478 • 


.00412 


.0381 


1500 


.0724 


30.89 


29.89 


1.03 


.925 


.0523 


647 


579 


68 


400 


227 


122 


325 


.0CA18 


.0220 


1500 


.0726 


30.69 


29.89 


1.03 


.922 


.0523 


648 


578 


70 


400 


231 


475 


353 


.0C418 


.0252 


1500 


.0726 


30.89 


29.89 


1.03 


.912 


.0517 


653 


578 


75 


400 


428 


642 


535 


.00413 


.0443 


1500 


.0728 


30.89 


29.96 


1.03 


.903 


.0513 


659 


578 


81 


400 


428 


641 


535 


.00410 


.0452 


51 


1500 


.0727 


30.89 


29.96 


1.03 


.921 


.0522 


648 


579 


69 


400 


302 


528 


415 


.00417 


.0315 


52 


1500 


.0728 


30.89 


29.96 


1.03 


.920 


.0522 


648 


578 


70 


400 


296 


457 


377 


.00417 


.0276 


53 


1500 


.0728 


30.89 


29.96 


1.03 


.920 


.0522 


648 


578 


70 


400 


310 


494 


402 


.00417 


.0302 


54 


1500 


.0728 


30.89 


29.96 


1.03 


.906 


.0514 


658 


578 


80 


400 


433 
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Fig. 1 




SECTION OF WATER -JACKETED FLOW MODEL. 



FIGURE I. 
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SHOWING ARRANGEMENTS FOR COOLING 
VALVE AND SEAT AND MEASURING VALVE TEMPERATURE . 

FIGURE 2. 
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Tig. 3 





Figure 4.- Variation of mass flow rate with intake- 
valve pressure drop. 
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ENGINE CYLINDER HEAD 
SHOWING FLEXIBLE INLET-VALVE COOLING WATER CONNECTIONS 

AND THERMOCOUPLE LEADS TO. VALVE AND SEAT. 



FIGURE 5. 
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Figure 6.- Variation of intake-valve pressure 

drop and lift with crank angle. Run 6. 
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AVERAGE TEMPERATURE OF VALVE AND SEAT, *F 



FIGURE a 

VARIATION OF Q/OrWITH VALVE AND SEAT TEMPERATURE. 
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